Wong RC, Cloherty SL, Ibbotson MR, O'Brien BJ. Intrinsic physiological properties of rat retinal ganglion cells with a comparative analysis. J Neurophysiol 108: -2023, 2012. First published July 11, 2012 doi:10.1152/jn.01091.2011.-Mammalian retina contains 15-20 different retinal ganglion cell (RGC) types, each of which is responsible for encoding different aspects of the visual scene. The encoding is defined by a combination of RGC synaptic inputs, the neurotransmitter systems used, and their intrinsic physiological properties. Each cell's intrinsic properties are defined by its morphology and membrane characteristics, including the complement and localization of the ion channels expressed. In this study, we examined the hypothesis that the intrinsic properties of individual RGC types are conserved among mammalian species. To do so, we measured the intrinsic properties of 16 morphologically defined rat RGC types and compared these data with cat RGC types. Our data demonstrate that in the rat different morphologically defined RGC types have distinct patterns of intrinsic properties. Variation in these properties across cell types was comparable to that found for cat RGC types. When presumed morphological homologs in rat and cat retina were compared directly, some RGC types had very similar properties. The rat A2 cell exhibited patterns of intrinsic properties nearly identical to the cat alpha cell. In contrast, rat D2 cells (ON-OFF directionally selective) had a very different pattern of intrinsic properties than the cat iota cell. Our data suggest that the intrinsic properties of RGCs with similar morphology and suspected visual function may be subject to variation due to the behavioral needs of the species. whole cell patch clamp; action potential; vision THE RETINA has an extraordinary task to perform. It must capture, process, and relay all relevant information about the visual scene within one fixation period (ϳ300 ms) before the eye moves on to another target and the process repeats itself. It manages this task through an array of parallel processing networks, each of which is tuned to extract and represent different features of the visual scene (e.g., form, motion, color) and send that information to the appropriate target nuclei via the axons of retinal ganglion cells (RGCs). As a result, it is now commonly believed that 15-20 different arrays of RGCs exist in mammalian retina (for review, see Berson 2008; Masland 2001), each of which carries a unique set of visual information.
whole cell patch clamp; action potential; vision THE RETINA has an extraordinary task to perform. It must capture, process, and relay all relevant information about the visual scene within one fixation period (ϳ300 ms) before the eye moves on to another target and the process repeats itself. It manages this task through an array of parallel processing networks, each of which is tuned to extract and represent different features of the visual scene (e.g., form, motion, color) and send that information to the appropriate target nuclei via the axons of retinal ganglion cells (RGCs). As a result, it is now commonly believed that 15-20 different arrays of RGCs exist in mammalian retina (for review, see Berson 2008; Masland 2001) , each of which carries a unique set of visual information.
The visual information carried by RGCs is determined in at least three ways. First, the dendrites of each RGC type sample from the many different types of bipolar (ϳ11 types) and amacrine (ϳ30 types) cells present in the mammalian retina (for review, see Masland 2001; Vaney 1990; Wässle 2004) . Second, information is filtered independently by each RGC depending upon the neurotransmitter receptors present. Finally, the intrinsic physiological properties of each RGC type ultimately limit the information they can carry. Prior studies of RGC intrinsic properties have been largely limited to identifying individual ion channel types without regard to an individual cell's morphological type. Only a handful of studies have attempted electrophysiological recordings with complete anatomical reconstruction of each cell, and yet fewer studies have sampled the entire cell population (Fohlmeister et al. 2010; Fohlmeister and Miller 1997; Ishida 1991; Liets et al. 2003; Lipton and Tauck 1987; Margolis and Detwiler 2007; O'Brien et al. 2002; Myhr 2008, 2011; Robinson and Chalupa 1997; Robinson and Wang 1998; Sheasby and Fohlmeister 1999; Sucher and Lipton 1992; Tabata and Kano 2002; Van Hook and Berson 2010; Wang et al. 1997; Zeck and Masland 2007) . Moreover, no study has yet compared intrinsic properties for morphologically similar cell types across different mammalian species.
In the present study, we carried out a complete survey of the intrinsic physiological properties of 16 morphologically defined rat RGC types, including both passive (resting membrane potential, time constant, input resistance) and active (maximum firing rates, frequency adaptation, anomalous rectification and ramping) properties. Our data demonstrate that different types of RGCs in rat, based on anatomical classification alone (Sun et al. 2002) , vary enormously in both their passive and active intrinsic properties but the properties are consistent within cell types. Moreover, we compared our data with a similar survey previously obtained for the complement of cat RGC types (O'Brien et al. 2002) . Comparing intrinsic properties of rat and cat RGC types that shared similar morphological properties revealed that the agreement was good for some cell types but not for others, suggesting that despite near morphological identity the intrinsic physiological properties of RGCs in a species may be tuned to suit their behavioral needs. Since the intrinsic properties define not only how each RGC type will respond to its synaptic input but also how it will respond to extracellular electrical stimulation, our data also suggest that care must be taken when extrapolating from animal models to humans in the development of retinal prosthetic devices. 
Glossary

MATERIALS AND METHODS
Ethical approval. Methods conformed to the policies of the National Health and Medical Research Council of Australia (NHMRC) and were approved by the Animal Experimentation Ethics Committee of the Australian National University.
Retinal whole mount preparation. Data came from 85 pigmented Long-Evans rats ranging in age from 3 to 15 mo. We chose the Long-Evans rat as our animal model for several reasons. First, our aim was to examine whether the intrinsic properties of morphologically similar RGC types are conserved among mammalian species. To do so, we required a species in which the complement of morphological types is well established. The rat RGC complement has been examined previously, and we used the most recent and extensive classification scheme for our analysis (Huxlin and Goodchild 1997; Sun et al. 2002) . In addition, the rat model has been used extensively to study the biophysical properties of neuronal voltage-gated ion channels that underlie many of the physiological properties we describe here. The Long-Evans strain is pigmented and thus does not have the wellknown retinal abnormalities associated with albino animals (Jeffery 1997) . Finally, eye size is substantially greater in rats than mice, and thus we were able to record greater numbers of cells in each individual animal and thus reduce overall animal usage.
Animals were initially anesthetized with isoflurane (5% in O 2 ) and maintained during enucleation with 3% isoflurane. After enucleation, rats were killed with an overdose of pentobarbital sodium (350 mg intracardiac). After hemisecting the eyes behind the ora serrata, we removed the vitreous body and cut each eyecup into two to four pieces. Pieces of retinal whole mount were mounted, ganglion cell layer up, on a coverslip that formed the bottom of a perfusion chamber (RC-26GLP, Warner Instruments, Hamden, CT) and were held in place with a stainless steel harp fitted with Lycra threads (Warner Instruments). Once mounted in the chamber, the retina was perfused (4 -6 ml/min) with carbogenated Ames medium (Sigma-Aldrich, St. Louis, MO) at room temperature. Recordings were made at room temperature specifically to allow direct interspecies comparison with data previously obtained for cat RGCs (O'Brien et al. 2002) , and the absolute values obtained may therefore differ from the in vivo condition (Fohlmeister et al. 2010) . The chamber was mounted on the stage of an upright microscope (Olympus BX51WI) equipped with a ϫ40 water immersion lens and visualized with infrared optics on a monitor with ϫ4 additional magnification. Detailed methods have been described previously (O'Brien et al. 2002) .
Physiological data collection and analysis. To obtain a whole cell recording, we first made a small hole in the inner limiting membrane (ILM) and optic fiber layer overlying a ganglion cell (O'Brien et al. 2002; Robinson and Chalupa 1997; Taylor and Wässle 1995) . Recordings were limited to RGCs exposed during this procedure that had smooth surfaces and agranular cytoplasm. The pipette internal solution contained (in mM) 115 K-gluconate, 5 KCl, 5 EGTA, 10 HEPES, 2 Na-ATP, and 0.25 Na-GTP (mosM ϭ 273, pH ϭ 7.3) including Alexa Hydrazide 488 (250 M) and biocytin (0.5%).
Whole cell current-clamp recordings from RGCs were obtained with standard procedures (Hamill et al. 1981) . Initial pipette resistance ranged between 3 and 7 M⍀. The pipette voltage in the bath was nulled prior to recording. It was also checked immediately at the end of each recording after the pipette tip was cleared with a pulse of pressure. If bath potentials before and after recording differed, the latter was taken as ground potential. After a gigaohm seal was obtained and the cellular membrane ruptured, the pipette series resistance was measured and compensated with the bridge balance circuit of the amplifier. Resting potentials were corrected for the change in liquid junction potential that occurs upon break-in and cell dialysis (liquid junction potential was measured directly as Ϫ5 mV; Neher 1992) . No capacitance compensation was employed.
Membrane potential was amplified (BA-1S, NPI), digitized with 16-bit precision at 20 kHz (USB-6221, National Instruments), and stored in digital form. The data collected were analyzed off-line with custom software developed in LabVIEW (National Instruments). Cells were excluded from analysis if they exhibited marked instability of resting potential or if their action potentials did not overshoot 0 mV. We tested each cell with a series of depolarizing and hyperpolarizing current steps. For most cells, the largest depolarizing current step drove the cell into spike block and the largest hyperpolarizing step yielded a membrane potential (V m ) of approximately Ϫ90 mV.
Spike widths were measured as the full width at half-height. Widths for individual cells represent the average of 15 such measurements. To minimize the influence of high spiking frequency on spike width, we restricted our analysis of spike width to spontaneous spikes or those evoked by just suprathreshold current steps. We calculated the input resistance (R N ) for each cell according to Ohm's law (V ϭ IR) from the change in steady-state V m produced by current injections of known amplitude. We used small-amplitude hyperpolarizing currents (⌬V m ϳ 5 mV) to avoid triggering action potentials and other nonlinear membrane properties. Membrane time constant ( m ) was estimated with the method of "peeling" (Johnston and Wu 1997) . Good fits were determined by limiting the root mean square variation of the fit to Ͻ0.1 ms. If this criterion could not be achieved, the data were excluded from the analysis.
Statistical analyses. To test whether individual measures were statistically related to morphological type we used (unless otherwise noted) the nonparametric Kruskal-Wallis test for multiple independent samples (SPSS v. 19, IBM) . When a significant relationship was detected, a post hoc test was applied to determine which pairs of types were significantly different from one another. Error measurements are reported as SE unless otherwise noted.
We also performed unsupervised hierarchical cluster analyses on the entire data set (SPSS v. 19, IBM) to examine whether the overall pattern of intrinsic physiological properties for each rat RGC type was predictive of morphological classification. We used a between-groups linkage method for progressive clustering of individual cells, using the squared Euclidean distance as a measure of proximity between individual cells.
In addition, we used the same cluster analysis techniques to examine whether the intrinsic physiological properties of individual morphological types might be conserved among species by comparing our rat data with similar data from cat RGCs (O'Brien et al. 2002) . To properly compare cell types between species, z scores for the mean of each cell type's intrinsic physiological properties were calculated within each species. This within-species normalization allows the clustering procedure to examine whether functional relationships among the morphological classes are preserved in the two species.
Immunocytochemistry and morphological identification. After recordings, the tissue was removed from the chamber, mounted onto filter paper, fixed for 30 -60 min in phosphate-buffered 4% paraformaldehyde, and stored for up to 2 wk in 0.1 M phosphate-buffered saline (PBS; pH 7.4) at 4°C. The tissue was subsequently processed to reveal biocytin-filled cells by immersion in 0.5% Triton X-100 (20 g/ml streptavidin conjugated to Alexa 488; Invitrogen) in PBS overnight. Tissue was washed thoroughly in PBS, mounted onto Superfrostϩ slides, and coverslipped in 60% glycerol. Cellular morphology was classified after three-dimensional confocal reconstruction (Zeiss PASCAL).
Cells included in this analysis were ganglion cells rather than displaced amacrine cells. This was immediately apparent for many cells because they had an axon that entered the optic fiber layer. Other cells lacked a discernible axon, presumably having lost it during cell exposure, but were virtually certain to be ganglion cells because their somata were larger than those of amacrine cells, they resembled an established rat RGC type, and they lacked axonal branches in the inner plexiform layer (IPL) and other features typical of displaced amacrine cells. Data from RGCs with and without axons were integrated, as no significant differences were observed for any of the parameters measured. Ganglion cells were classified morphologically on the basis of soma size, dendritic field size and structure, and dendritic stratification (% IPL depth, mono-or bistratified). Dendritic field diameter was estimated by circumscribing the dendritic tree with concave line segments, measuring the resulting area (Zeiss AIM software), and calculating the diameter of an equivalent circle. Retinal eccentricity was not controlled in this study since it has only a small impact upon cell size (Huxlin and Goodchild 1997; Peichl 1989) and is not necessary for morphological classification as it is in other species (e.g., central cat alpha cells and peripheral cat beta cells have similar morphologies). The majority of recorded RGCs could be classified according to previously described morphological types (Huxlin and Goodchild 1997; Sun et al. 2002) . The remaining cells were excluded from this report.
RESULTS
RGC morphological types.
We recorded the physiological response properties of 229 rat RGCs from 85 pigmented Long-Evans rats ranging in age from 3 to 15 mo of age. Of those, 125 RGCs were filled well enough for complete confocal reconstruction and subsequent morphological classification. As has been described previously (Huxlin and Goodchild 1997; Sun et al. 2002) , we encountered 16 different types of RGCs ( Fig. 1 ) that could be clearly identified on the basis of their morphological characteristics (Table 1) , including soma size, dendritic field size, dendritic field structure, and stratification in the IPL. These data support the prior classification schemes with 16 types but do differ in some of the quantitative details with regard to IPL stratification. In most cases, our data and those of previous studies agree upon which IPL sublayer(s) (S1-S5) contains the majority of each cell's dendrites. Differences were observed, however, for C2 and C4 cells. While our data and those of Huxlin and Goodchild (1997) suggest there are inner (Ͼ40% IPL depth) and outer (Ͻ40% IPL depth) subtypes, this differs from the study of Sun et al. (2002) where both subtypes fall within the inner IPL (40 -100% depth). The level of dendritic stratification in the IPL is highly predictive of the center sign of a RGC's receptive field (Schiller 2010 ). Ganglion cells whose dendrites stratify in the outer 40% (INL boundary to 40% depth in the IPL) are consistently OFF center, whereas cells whose dendrites ramify in the inner 60% (40% depth to ganglion cell layer boundary) are consistently ON center. Cells that are bistratified in both sublaminae or have dendrites that ramify at the boundary between them are well known to have ON-OFF center receptive fields. We have therefore included our predictions as to center sign in Table 1 .
Other morphologies were encountered occasionally, but as we did not record enough for a complete classification we have chosen to leave them out of this report.
Passive membrane properties (V m , R N , ) . To characterize the passive membrane properties of each RGC type we injected small hyperpolarizing currents to avoid activating or inactivating voltage-dependent currents. Resting V m varied somewhat among the different rat RGC types, ranging over 13 mV from Ϫ54 mV (A1) to Ϫ67 mV (B4; Fig. 2A ; Table 2 ). In contrast, R N and varied more than fivefold among the different cell classes (Fig. 2 , B and C). A2o cells had the lowest mean R N (98 M⍀), while B1 cells had the highest (677 M⍀). As expected, the cellular exhibited similar variability among the different RGC types (Fig. 2C) , which was very closely related to R N (Pearson's r ϭ 0.78). Where A2o cells had the lowest R N they also had the shortest (9.5 ms), while B4 cells had the longest (50.9 ms). As A2 and B4 types represent some of the largest and smallest RGC types in the rat retina it is possible that both R N and are determined largely by cell size. To get an estimate of how closely these variables are related, we plotted these data for all RGCs recorded (Fig. 3) and calculated the correlation coefficient for each distribution. Both plots in Fig. 3 demonstrate negative correlations of R N and with increasing cell size, as was expected. These relationships, however, account for only a small fraction of the variance in the data [Pearson's r ϭ Ϫ0.46 (R N ), Ϫ0.47 (), P Ͻ 0.001]. Thus R N and are indeed related to cell size, but it is clearly not the only defining variable. Differences in leak conductance(s) as well as spontaneous synaptic input contribute to baseline R N and , but these variables were not measured here. Dendritic Field Diameter (µm) Fig. 3 . Cell size partly accounts for variance in passive properties: variation in R N (A) and (B) with dendritic field size for all RGCs. There is a small negative trend in both R N (r ϭ Ϫ0.46) and (r ϭ Ϫ0.47) with dendritic field size, suggesting that other variables (e.g., leak conductance) also play a large role in defining these parameters.
Responses to depolarizing currents (spike width, maximum firing rate, steady-state firing rate, frequency adaptation index). After characterizing each cell's passive membrane properties we injected a series of depolarizing pulses to elicit action potentials (Fig. 4) . Each panel in Fig. 4 displays the spiking activity of a single cell, representative of its type, in response to three levels of current injection: near threshold, maximum, and a current level halfway between these values. There were several features common to all rat RGC types. First, the data demonstrate that all rat RGCs are capable of . Spiking patterns of rat ganglion cell types: representative responses of a single cell from each RGC type to different levels of depolarizing current injected for 400 ms. Number next to each trace indicates current amplitude (pA). The traces for each cell type are organized as follows: at threshold (bottom), midrange (middle), maximum rate (without resulting in spike blockade) (top). All rat RGCs were capable of repetitive spiking and exhibited patterns similar to those of "regular spiking" neurons with varying amounts of frequency adaptation. In addition, most RGC types also exhibited spike amplitude reduction over time, while some were clearly resistant to this even at very high spike rates (e.g., D1, D2) Vertical scale bar, 50 mV; horizontal scale bar, 400 ms.
repetitive spiking throughout a 400-ms pulse. In addition, all RGC types exhibited decreasing firing rates during the course of a 400-ms pulse, most similar to the regular spiking (RS) pattern originally described for cortical neurons (Connors and Gutnick 1990) . None of the cells we recorded exhibited the increasing firing rate characteristic of fast spiking (FS) neurons, nor did they exhibit bursting behavior similar to intrinsically bursting (IB) cells (but see Responses to hyperpolarizing currents).
Quantification of the spike waveforms generated by the different RGC types yielded clear differences (Fig. 5) . Spike width for each cell was measured by averaging the full width at half-height of 15 or more spikes generated either spontaneously or from injection of near-threshold depolarizing current. Spike width ranged from 0.9 ms generated by A2o cells up to 2.5 ms characteristic of C4i cells, with much variability in between. Statistical analyses demonstrated that while A2i and A2o cells were not significantly different, they both differed significantly from most of the remaining cell types [KruskalWallis H (125) ϭ 64.2, P Ͻ 0.05]. No significant differences were found among the other cell classes.
In addition to spike width, the patterns of action potential generation also varied dramatically in the population. Consistent with their short action potentials, A2 cells were also capable of generating the highest firing rates ( Fig. 5B ; A2i ϭ 166 sp/s, A2o ϭ 204 sp/s). In contrast, B1 cells were the slowest RGC type to generate action potentials (30 sp/s). Correlation analysis demonstrated that spike width did exhibit a negative correlation with maximum firing rate (Pearson's r ϭ Ϫ0.67, P Ͻ 0.001) and steady-state firing rate (Pearson's r ϭ Ϫ0.53, P Ͻ 0.001), suggesting that numerous factors play a role in defining firing rate.
In addition, RGC types differed in how well they could sustain their maximum firing rates. To quantify this, we calculated the steady-state firing rate (frequency) by averaging the last three spikes elicited during a 400-ms depolarizing current pulse and calculated the frequency adaptation (FA) index:
The resulting index ranges from 0 (no change in spike rate) to 1 (indicating a decreasing firing rate during the current pulse).
As mentioned previously, all RGC types exhibited firing patterns similar to RS cortical neurons (Connors and Gutnick 1990) , and as such all types had positive values of FA index (Fig. 5C ). The FA index also varied among the RGC population, with B1 cells being the best at maintaining their maximum frequency (FA ϭ 0.32) while A2 cells exhibited the greatest reduction in firing rate during stimulation (FA ϭ 0.72). Correlation analyses demonstrated a clear positive relationship of maximum firing rate with the strongest reduction in spike frequency over 400 ms (Pearson's r ϭ 0.87). Differences among RGC types were also observed in their propensity for action potentials to reduce in amplitude throughout the pulse. Where most RGC types exhibited a slow reduction in spike amplitude during repetitive spiking (e.g., Fig. 4 , B3i, C4i), D1 and D2 cells showed little such reduction, even at maximum spike rates.
Responses to hyperpolarizing currents (sag, ramping, rebound bursting) . Figure 6 shows the responses of the different rat RGC types to the injection of hyperpolarizing current pulses. Individual cell types exhibited the presence of several different active membrane properties below voltage threshold. Many cell types exhibited varying degrees of anomalous rectification in response to hyperpolarization, also known as "sag" (e.g., Fig. 6, C1, D2) . To quantify the amount of rectification observed, we measured the positive shift in V m back toward the resting level when the peak hyperpolarization reached Ϫ85 mV during 400-ms pulses of negative current (or linearly interpolated when Ϫ85 mV was not exactly reached). This difference can be observed by comparing the responses of C3 and D2 cells. Where D2 cells demonstrate a clear sag in membrane potential even above Ϫ85 mV, rectification only occurs in C3 cells when they are substantially hyperpolarized beyond Ϫ85 mV. Among the RGC types, C2i cells exhibited the most sag (9 mV) while D1 cells had the least, exhibiting nearly no sag at all. After the termination of hyperpolarizing pulses many cells exhibited a subsequent overshoot of the resting V m that was capable of generating action potentials. Rebound bursting could be elicited in cells that had either substantial sag (e.g., Fig. 6, B3o) or no sag at all (e.g., Fig. 6 , B3i, C2o, C4o), suggesting different mechanisms for their generation.
Finally, in a minority of RGCs we observed a phenomenon opposite to bursting-a clear lengthening of the time it took to return to resting V m after hyperpolarizing pulses. This was most easily observed when the resting potential was held at Ϫ85 mV and depolarizing current injections were introduced (B4*, Fig. 6 ). Small depolarizing current pulses charged the membrane passively. Larger pulses, however, led to a process that held V m lower than would be predicted by passive charging, followed by a slow depolarizing ramp of V m until the pulse ended.
Is center sign predictive of intrinsic properties? Recently, much has been made of differences in the physiological properties of ON and OFF RGCs (Margolis and Detwiler 2007; Margolis et al. 2010; Sekirnjak et al. 2011) . As morphological reconstruction of individual cell types was not a priority in these studies, it is unclear how much of the RGC population was sampled in the species studied. While our data cannot directly compare the intrinsic properties of ON, OFF, and ON-OFF cells, we can make predictions about center sign on the basis of their IPL stratification. We have therefore categorized each RGC type on the basis of its dendritic stratification pattern and denoted them as Inner (40 -100% depth, A1, A2i, B2, B3i, C1, C2i, C3, C4i; n ϭ 33), Outer (0 -40% depth, A2o, B3o, C2o, C4o; n ϭ 54), or Bistratified (both sublaminae or at the boundary, B1, B4, D1, D2; n ϭ 38) and compared their properties statistically. Figure 7 compares the passive properties (V m , R N , ) of Inner, Outer, and Bistratified RGCs. Comparing the means in all three plots, it is interesting to note that Inner and Outer cells seem more similar to one another than either is to the Bistratified class. To determine whether the three classes had significantly different passive properties, we applied the conservative nonparametric Kruskal-Wallis H test to the data and determined that significant differences do exist between the groups. Where resting V m varied somewhat among the individual cells recorded, no significant differences were observed between the three cell classes (Fig. 7A ). Significant differences in both R N [ Fig. 7B (Fig. 8) . The active intrinsic physiological properties of the Inner, Outer, and Bistratified cells were also found to be significantly different for some variables. Outer ganglion cells generated the fastest action potentials on average ( Fig. 8A ; X ϭ 1.33 ms, ϭ 0.54 ms) and were significantly faster than both Inner and Bistratified RGCs. The Outer RGCs also generated spikes at higher maximum frequencies than either Inner or Bistratified RGCs. (Fig. 8B , black bars; X ϭ 148 sp/s, ϭ 87). Note, however, that the steady-state firing rate was nearly identical for all three classes (Fig. 8B, gray bars) . This led to the observed significant difference in FA index for Outer and Bistratified cells (Fig.  8C) . Finally, while a clear trend was present in the data for Outer cells to have the least anomalous rectification when injected with hyperpolarizing current pulses, this did not reach significance (Fig. 8D) .
Species comparison. The axons of RGCs represent the final common output of the information processing that occurs in the mammalian retina. Each individual type of RGC is believed to encode a different aspect of the visual scene. To do so, it must sample from the appropriate synaptic partners, express appropriate neurotransmitter receptors, and have an appropriate complement of ion channels. Since the task of vision is considered to be similar among many mammalian species, it is expected that some RGC types might be conserved across these species. For example, the alpha cell, which was originally described in cat retina (Boycott and Wässle 1974) , has subsequently been identified in Ͼ20 other mammalian species (Peichl 1989; Peichl et al. 1987a Peichl et al. , 1987b on the basis of its characteristic morphology. The characteristic light-evoked responses of cat alpha cells including center-surround organization, sensitivity to low-contrast stimuli, and nonlinear spatial summation have also been observed in alpha ganglion cells of rabbits and macaques (Amthor et al. 1989; Cleland et al. 1975; Crook et al. 2008; Enroth-Cugell and Robson 1966) . Since the alpha or Y cell is believed to play the same functional role in these species, might it be that its biophysical properties are also conserved? In our analysis we have taken the approach that close morphological similarity between species likely indicates similarity in visual function(s). Therefore, are the intrinsic properties also conserved in morphological homologs, or is this unnecessary?
We set out to answer this question by using the hierarchical clustering technique. Hierarchical clustering methods calculate the linear distances between individual RGC types using all variables and then proceed iteratively, clustering together at each iteration those RGC types that are most similar. To make comparisons across species, however, we needed first to normalize each species' data set. To preserve quantitative differences among the cell types within a species, we calculated the z score for each cell type based on its sample mean and the mean for all RGC types. This allowed us to preserve the relationships among the cells within a species but dissociate their actual values to perform the cluster analysis. For example, the mean R N of the cat alpha cell O'Brien et al. 2002) , while the average rat A2 cell is more than three times this value (102 M⍀). In contrast, the z scores are both the lowest among all the RGC types tested in each species (cat alpha: Ϫ1.16, rat A2: Ϫ1.86). This methodology avoids the cluster analysis making spurious links between cell types based upon absolute values and instead concentrates upon their relative rank among the RGC types. The results of the cluster analysis are presented in Fig. 9 . Table 3 lists the known morphological types of cat RGC to date, their predicted rat RGC equivalent based on morphology, and the closest ranked rat RGC type(s) based on their intrinsic properties. For some cells, the cluster analysis yielded very clear correspondences. For example, the cat alpha and rat A2 cells (inner and outer varieties combined) were clustered together early in the analysis and remained independent for many more cycles before cat beta cells were added (Fig. 9A) . The striking similarity in the intrinsic properties of these two cell types was quite obvious when plotted together on a histogram (Fig. 9B) . Similarly, the cat zeta cell was found in the cluster analysis to be most similar to the rat B4, then the B1 cell. The histogram plotting the data obtained from these two cell types was also strikingly similar (Fig. 9C) . In contrast, the cat beta cell was not clustered with any rat RGC type until nearly the end of the analysis. when it was added to the rat A2 and cat alpha cell cluster. The predicted morphological equivalent of the cat beta cell, the rat B2 cell (Huxlin and Goodchild 1997; Sun et al. 2002) , showed almost no similarity when they were plotted together on a histogram (Fig. 9D, beta and B2) . The cluster analysis also confirmed morphological predictions for the cat delta (rat C2o) and epsilon (rat C3) cell types but completely disagreed with predictions for the two directionselective (DS) cells, cat iota (rat D2, ON-OFF DS) and kappa (rat C1 ON DS) cells.
In addition to comparing the intrinsic properties of morphological homologs, the cluster analysis also demonstrated that the array of intrinsic physiological properties we have characterized is useful when used independently to classify RGCs. While the analysis was not capable of identifying individual morphological types independently, it did generate six categories (labeled as Rapid Spiking, Tight, Depolarized, Large Sag, Long Spike, and Other), each with characteristic intrinsic properties. These categories are indicated in Fig. 9 by the adjacent labels. "Rapid Spiking" cells exhibit very short action potentials and high-frequency spiking. In contrast, the "Long Spike" cells generated action potentials much longer than most other RGC types. "Tight" cells have unusually large R N and long . These cells should therefore be among the most sensitive to fluctuations in synaptic input. The "Depolarized" cells had a resting V m more depolarized than other RGC types. Whether this is of biophysical or synaptic origin is not yet established. "Large Sag" cells exhibit greater sag in V m when hyperpolarized, most likely indicating greater expression of I h . The remaining "Other" cells had intrinsic properties that were not easily separable. The z scores for each cell type are presented in Table 4 and organized in the same fashion as in Fig. 9A . Thus while the intrinsic properties alone are not capable of differentiating each morphologically defined RGC type, they can narrow it down significantly.
DISCUSSION
This study has produced two major findings of interest: rat RGCs vary extensively in their patterns of intrinsic physiological properties between anatomically distinct cell types, and morphologically homologous RGC types in different species may or may not have conserved intrinsic properties.
RGC morphological types. The cells we observed in this study compared quite closely with those reported previously (Huxlin and Goodchild 1997; Sun et al. 2002) . Our data support the classification scheme of Sun et al. (2002) as characterizing the vast majority of RGC types present in rat retina. On occasion, we did encounter some RGCs not included in this classification, but they were indeed rare. Direct comparisons of the morphological parameters we quantified for each RGC type with those published previously were largely similar, with some exceptions. Because of the nature of our experiments requiring displacement of the ILM and ganglion cell axon fibers to allow whole cell recording, most of our cells were recorded in more peripheral locations. Cleanly removing the ILM close to the optic disk is made difficult because the large number of fiber bundles. As a result, our data overrepresent the periphery. However, as has been shown previously for rat RGCs (Huxlin and Goodchild 1997) , there is only very little change in soma or dendritic field size with eccentricity.
Comparing IPL stratification of RGC dendrites among the three studies would seem to indicate substantial differences. It is our considered opinion that the quantitative differences observed among the studies are largely artifactual due to the assignation of an entire dendritic field to a single % depth. While we would concur that the majority of RGC types are indeed monostratified, this does not mean that individual dendrites do not waver up and down within the IPL by more than a few percent. Thus, when an entire cell's dendritic field is characterized as occupying a single % depth, on the basis of a small number of local dendritic measurements, something is missed. This may be the root of the differences in stratification when our data are compared with prior studies. When compared with the data of Huxlin and Goodchild (1997) our stratification data are numerically different, but nearly all cells are found within the same sublaminae when broken down into the traditional 20% strata (S1-S5). Our stratification results were overall similar to those of Sun et al. (2002) in large part, with the exception of types C2 and C4, where our data suggest inner (Ͼ40% depth) and outer (Ͻ40% depth) subvarieties. This is similar to the Huxlin and Goodchild (1997) description for C2 cells; C4 cells were not identified as a separate cell type in their study. Finally, some differences we observed may be due to the strain of rat used. Whereas both Huxlin and Goodchild (1997) and Sun et al. (2002) used albino rat strains (Sprague-Dawley), we chose to use the pigmented Long-Evans strain.
Intrinsic physiological properties. Rat RGCs exhibited a wide variety of intrinsic physiological properties that were correlated with their morphological type. Statistically significant differences among RGC types were found among both passive (R N , ) and active (spike width, maximum and steadystate frequency, FA index, anomalous rectification) properties. In addition, we carefully evaluated previous claims of statistical differences among RGCs grouped by their likely receptive field center sign (ON, OFF, ON-OFF) through extensive sampling of all RGC types. Clear differences were observed between our Outer and Bistratified cells for most variables, both passive and active. Differences between Inner and Outer cells were also observed but in most cases did not reach significance. It would appear that Inner cells are more similar to Bistratified cells than Outer cells for most variables, but we make this claim cautiously as Inner cells formed the smallest sample among the three groups, so sampling bias may have influenced the statistics. Collectively, our data demonstrate that intrinsic physiological properties of RGCs will indeed shape their responses to synaptic inputs and ultimately limit the information that can be transferred.
The differences we have observed in the intrinsic physiological properties of RGCs are ultimately attributed to many factors including their morphology (Fohlmeister and Miller 1997; Sheasby and Fohlmeister 1999) and the complement of ion channels expressed by each cell type. While our data cannot unambiguously identify which channels are present in each cell type, the intrinsic properties we have observed do allow us to predict the relative abundance of certain types of ion channels expressed. In addition, when intrinsic properties are examined in the context of RGC light-evoked responses, we begin to understand how the intrinsic properties are tuned to enhance certain aspects of a cell's light response.
Our data demonstrate nearly a 10-fold difference in the R N measured among our sample of rat RGCs. Differences in cell size account for a portion of this variability (Fig. 3) , but ionic conductances must also play a role. Since we did not introduce pharmacological agents to effect synaptic blockade, the origin(s) of these conductances could potentially be intrinsic to the cell or could also arise from tonic synaptic activity or their combination. Our data demonstrate that, like cat alpha cells (O'Brien et al. 2002) , A2 cells have the lowest R N and are the largest of all rat RGC types, and should therefore have the greatest capacitance (C N ). Since the cellular represents the product of these two parameters ( ϭ R N C N ), and A2/alpha cells also have the fastest of all RGC types, it would seem that their passive properties have been tuned to effect a rapid response to synaptic input, despite their large size. This optimization for speed, however, would decrease the alpha cell's relative sensitivity to an equivalent synaptic input to other RGC types, yet they would appear to be among the most sensitive cells to visual contrast (Kaplan and Shapley 1986) . This apparent paradox implies that A2/alpha cells either have increased synaptic input relative to other RGC types or possibly also employ active dendritic conductances to enhance their sensitivity (Dhingra et al. 2005; Velte and Masland 1999) . Whether retinal cells receive the same number of synapses per linear micrometer of dendrite is a matter of some disagreement in the literature (Eriköz et al. 2008; Jakobs et al. 2008) . Indeed, it has been reported that smaller RGCs actually receive a proportionally greater number of excitatory inputs than larger RGCs (Jakobs et al. 2008) . Further experimentation will be required to disentangle these implications.
On the other end of the spectrum, the rat B4 cell is very small and has nearly the largest R N and the longest of all RGC types, a pattern similar to that found for the cat zeta cell (O'Brien et al. 2002) . These data imply that this cell type would be among the most sensitive of all RGCs to synaptic input. As for the cat zeta cell, the B4 cell exhibits ramping of V m in response to subthreshold depolarizing current. This behavior is indicative of the presence of I D , a voltage-gated K ϩ current that activates below spike threshold, originally described in hippocampal neurons (Storm 1988 ) and previously observed in isolated RGCs (Barres et al. 1988; Lukasiewicz and Werblin 1988; Sucher and Lipton 1992) . The presence of I D has been demonstrated previously to boost responses to repeated subthreshold stimuli (Storm 1988) . In the retinal context, this would suggest that an initially subthreshold flickering stimulus in the B4 cell's receptive field could eventually evoke a response. Thus the expression of I D could further enhance the sensitivity of B4/zeta cells. Some evidence to support this idea has been observed in rabbit local edge detector cells, a possible homolog of the B4/zeta cell (van Wyk et al. 2006) .
In all our recordings, adult rat RGCs were capable of repetitive spiking and exhibited a variable amount of frequency adaptation similar to the regular spiking pattern originally described for cortical neurons (Connors and Gutnick 1990 ). The differences we observed in frequency adaptation among different RGC types may be due to the differential expression of calcium-activated K ϩ (K Ca ) channels. These channels are well known to play a role in frequency adaptation and have been shown previously to be present in mammalian RGCs (Lipton and Tauck 1987; Wang et al. 1998; Weick and Demb 2011) . The high FA index exhibited by A2/alpha cells may bias the temporal properties of their well-known "transient" light responses to standing contrast (Cleland et al. 1973) .
In addition to frequency adaptation, many RGC types exhibited a clear reduction in spike amplitude over the course of a 400-ms depolarizing current pulse. Prior studies have demonstrated that cat RGC types vary in their rate of voltage-gated Homologous RGC types present in cat and rat retina as predicted by morphology and cluster analysis of intrinsic physiological parameters are shown.
sodium channel (VGSC) deinactivation (Kaneda and Kaneko 1991; Wang et al. 1997) . As repetitive spiking continues, this would lead to an increasing proportion of inactivated VGSCs and hence a reduction in spike amplitude. It has been demonstrated previously that the alpha subunits of VGSCs are differentially expressed among RGC types (Boiko et al. 2003; Guenther et al. 1999; Miguel-Hidalgo et al. 1994; O'Brien et al. 2008; Oesch and Taylor 2010; Skaliora et al. 1993 ). Depending upon which VGSC subunits are expressed in each RGC type, this may define which cells exhibit amplitude adaptation and has also been implicated to underlie contrast adaptation (Kim and Rieke 2003; Weick and Demb 2011) .
Hyperpolarizing current injections into RGCs implicated the presence of at least two other ion channels that are differentially distributed among RGC types. During hyperpolarizing pulses the amount of V m "sag" back toward the resting potential varied extensively among the different RGC types (Fig. 6 ).
Positive to E K , the nonspecific cation current known as I h is well known to play a major role in the generation of sag (Araki et al. 1961; Ito and Oshima 1965; Pape 1996) and has been identified previously in RGCs (Lee and Ishida 2007; Miller 2007a, 2007b; O'Brien et al. 2002; Tabata and Ishida 1996; Van Hook and Berson 2010) . Offset of hyperpolarizing current injections also led to overshoot of the resting V m and the generation of a burst of action potentials. In cells where there is clear sag during the pulse, this is at least partially due to the slow inactivation of I h , which turns off with kinetics similar to those at onset. In some cells, however, a rebound burst was observed when no sag was present during the pulse. This is most likely due to activation of low-threshold calcium currents Miller 2007a, 2007b) . Activation of such currents accelerates repolarization of V m and leads to a similar overshoot of the resting V m . In contrast to activation of I h , however, activation of low-threshold calcium currents is much shorter lived and results in a very short, intense burst by comparison.
Species comparison. The second major finding relates to the conservation of intrinsic physiological properties of homologous morphological RGC types across mammalian species. Cluster analysis suggested that rat A2 RGCs were very similar to cat alpha cells, while rat B4 and cat zeta cells were also similar (Fig. 9 ). Given such varied environmental niches for the two species, it seems likely that the intrinsic properties of these four cell types are very important for cellular information processing and may indeed be fundamental for vision generally, not just their specific ecological niches. If so, then we should expect that recordings of the homologous RGC types in other mammalian species would yield similar findings.
By way of contrast, the intrinsic properties of the D2/iota cell morphological homologs are not at all similar between rats and cats. From these data we can conclude either that the intrinsic properties of these two cell types are irrelevant to the visual behavior of the animal or that these morphological homologs subserve somewhat different functions in the two species. Interestingly, the cat beta cell does not appear to have a homolog in rat retina with respect to intrinsic physiological properties. Indeed, the cluster analysis revealed that the cat beta cell is more closely related to the cat alpha and rat A2 cells Values are z scores of cat and rat RGC intrinsic physiological parameters underlying the categorization by the cluster analysis. Cat RGC types are shown in italics.
than any other cell type (cat or rat). Given the beta cell's other similarities to cat alpha and rat A2 cells [e.g., ON and OFF subclasses, central alpha and peripheral beta cell morphological similarities, spike generator properties, (Robinson and Chalupa 1997) ], we propose that the beta cell first arose in mammalian evolutionary history as a cell-type duplication event. A behavioral advantage of higher resolution and an ability to recognize form without motion may then have shaped the modern beta cell's dendritic and receptive field properties. Clearly, this speculation would require careful examination of multiple species in the phylogenetic hierarchy.
